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Abstract--Acidified suspensions of Al-saturated kaolinite, montmorillonite, mica, illite, and biotite in 10 -a 
M NaNO3 were potentiometrically titrated with 0.1 N NaOH and 0.1 N HNO3 in succession i a COz-free 
nitrogen atmosphere. The resulting curves were compared with those for AI(NO3)3 solutions of similar AI 
concentration i  the supernatant solution and corrected for Al in the entrained solution in the clay. 
Base titrations of AI ions adsorbed on all the minerals, except montmorillonite, showed two pH inflec- 
tions separated by a buffering range. With montmorillonite, here were three pH inflections similar to those 
for AI in solution. The first inflections in the titration of suspensions occurred at lower pHs and were less 
pronounced than for AI in solution. These represent the titration of HaO § sorbed uring the pretreatment. 
The buffering by adsorbed AI ions is also less than that by A1 in solution. 
The OH- used up by adsorbed Al ions between the first and last inflections was equal to, or slightly 
greater than, the CEC of the minerals, except for mica where it was more than twice the CEC, because 
new interlayer surfaces were formed during the acid pretreatment. Acid titration curves of Al ions in the 
adsorbed and solution states howed hysteresis when related to the base titration curves. The use of two 
titration speeds (3 and 0.3 pH units/hr) only slightly affected the titration curves of the minerals uggesting 
that the observed effects were not caused by lack of equilibrium with added base or acid. 
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INTRODUCTION 
The existence of partially hydrolyzed AI ions on the 
surface of acid soils and clays was suggested by several 
authors from the study of the composition of the ex- 
tracts with various salt solutions (Bache, 1974; Dalai, 
1975; Bache and Sharp, 1976a, 1976b; Smith and Emer- 
son, 1976; Cabrera and Talibudeen, 1978) from the 
composition of the solution in equilibrium with these 
materials (Chakravarti and Talibudeen, 1961) and from 
the adsorption of AI from solution (Brown and New- 
man, 1973). 
Using potentiometric titration, Low (1955) deter- 
mined the amount of AI 3§ in a H-Al-bentonite with dif- 
ferent proportions of H/A1 on its surface. He found that 
the pH of AI(OH)3 precipitation i  bentonite suspension 
was higher than in free solution and attributed this to 
the lower activity of AI ions in suspension because of 
electrostatic nteraction with the clay. Schwertmann 
and Jackson (1963, 1964) found three buffer ranges in 
the pH titration curve of aged H-Wyoming bentonite 
and H-vermiculite, and attributed these, in order of as- 
cending pH, to exchangeable H § exchangeable AI 3§ 
and basic AI compounds formed in the presence of 
these negatively charged clays. The third buffer range 
increased greatly on aging the H-saturated clay and was 
comparable to the third buffering range observed in 
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aged, partially neutralized A1CI3 solutions. Smith and 
Emerson (1976) observed that potentiometric titration 
curves of kaolinite were not helpful in trying to decide 
the forms of A1 present although they showed that some 
of it was as A13+. Pyman et al. (1976) reported that the 
apparent hydrolysis constants of AI calculated from 
base titration curves of Al-bentonite were smaller than 
those of the AI ions in solution. 
The titration curves of AI in solution depend on AI 
concentration, ionic strength, temperature, titration 
speed, method of titrant injection, etc. (Frink and 
Sawhney, 1967; Vermeulen et al., 1975; Stol et al., 
1976). From a theoretical treatment ofthe base titration 
of dilute AIC13 solutions, Turner (1968a, 1968b) pre- 
dicted different shapes of titration curves depending on 
the A1 species assumed to be present in solution. It 
seems then that the kind of A1 species formed in solu- 
tion during titration depends very much on experimen- 
tal conditions and that adsorbing surfaces in suspen- 
sions modify this. 
The present paper examines titration curves of A1 
adsorbed on Al-saturated minerals and compares them 
with the titration curves of A1 in solution under similar 
experimental conditions. 
MATERIALS AND METHODS 
Minerals 
The relevant properties of the minerals used in this 
work are listed in Table 1 ; (for a fuller description, see 
Cabrera and Talibudeen, 1978). 
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Table 1. Description of minerals. 
Particle-size CEC 
Mineral 
Kaolinite A (St. Au: 
Kaolinite B (St. Au., 
Montmorillonite (UI~ 
Mica (Muscovite) 
Illite (Fithian No. 3! 
Biotite (Ontario) 
4~ 
OH 
AI 
1 2 3 4 
Potentiometric tit~ 
AI( N03)3 solution. 
Weighed sampk 
of 0.1 N AI(NOa)3 
pylene centrifuge 
tubes were centri 
rejected. This trel 
ensure that the cc 
pernatant were th~ 
urated minerals w: 
shaken intermitte~ 
NaNO3 and centri 
clear supernatant 
the supernatant ('control') each were mlxecl w~th 25 ml 
of 10 -a M NaNO3 solution and saturated with CO2-free 
nitrogen for 1 hr, and 0. I N HNO3 was added slowly 
over ca. 24 hr to bring the pH to approximately 2. When 
the pH remained steady for 1 hr after adding the acid, 
'suspension' and 'control' were titrated to pH 11 with 
0.1 N NaOH and then back to pH 2 with 0.1 N HNO3. 
CO2-free nitrogen gas was bubbled throughout to pre- 
vent CO2 absorption from the air. The temperature was 
kept constant a 25 _ 2~ 
To help interpret the titration curves of the Al-satu- 
rated minerals, solutions of Al(NO3)3 containing 0.499 
and 1.000 meq A13+ in 50 ml and 25 ml of 10 -3 M NaNO3 
were also titrated after adding acid to bring the pH to 
approximately 2. (The final concentrations of these so- 
lutions were then 2.9 x 10 -~ M and 1.1 x 10 -2 M, re- 
spectively.) 
The titrations were done on a Radiometer automatic 
titrator (model Copenhagen TTT2b) coupled to an Au- 
toburette ABU12b and a Titrigraph SBR3. Mean 
speeds of 3 pH units/hr and 0.3 pH units/hr were used 
on both acid and base titrations with standardized 0.1 
M HNO3 and 0.1 M NaOH. 
RESULTS AND DISCUSSION 
Titration curves of  Al(NOa)3 solutions 
The base titration curves of acidified aluminum ni- 
trate solutions (Figure 1) showed three inflection points 
separated by two plateaus whose exact locations were 
found by means of the differentiated curves. The first 
inflection point determines the neutralization equiva- 
lence of the excess H30 + initially present, the second 
is acid A13+ (see also Vermeulen et al., 1975). These 
titration characteristics hanged only slightly with ti- 
tration speed. 
The total A13+ titrated (i.e., the difference of OH- 
used between the first and third inflections) was 3.5% 
less than the total A13+ taken initially, which is attrib- 
uted to experimental error. However, Vermeulen et al. 
(1975) found by microelectrophoretic measurement 
that the A1 hydroxide particles formed during the titra- 
tion are positively charged up to pH 10, which suggests 
that the AI 3+ ions may not have been fully titrated at pH 
7.4. 
The OH/A1 ratios calculated on the basis of the total 
A1 in solution initially are given in Table 2 for the two 
AI concentrations (mean of two titration speeds) and in 
Figure 1 for the dilute solution at a titration speed of 0.3 
pH units/hr. The pH values at the inflection points and 
the plateaus, and the OH/AI ratios at each pH were 
smaller for the more concentrated A1solution (see also 
Stol et al., 1976). The second inflection and plateau 
became less pronounced and finally disappeared as the 
initial AI concentration was decreased below 5.7 • 
10 -4 M. This was also reported by Frink and Sawhney 
(1967) for 10 -4 M solutions, and for 10 -5 M solutions at 
high titration speeds, and by Stolet al. (1976) for 5 x 10 -5 
M AI solution and for any A1 concentration when alkali 
was added dropwise to the surface of the solution with- 
out continuous tirring, creating locally 'higher-than- 
mean' concentrations of OH ions. The occurrence of 
this second inflection and plateau was related to the 
existence of positively charged Al-hydroxy polymers 
in partially neutralized, concentrated AI solutions. 
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Table2. Characteristics of the base and acid titration curves of 2.9 • 10-3Mand 1,1 • 10-2MAI(NO3)3in 10-ZMNaNO3. 
2,9 x 10 -s M 1.1 • 10 -2 M 
PUb pHa (Ol-l/Al)b (OH/AI)a pUb pH, (OU/Al)b (OI-UAI), 
mean of speed speed mean of speed speed mean of speed speed mean of speed speed 
two speeds 1 2 two speeds 1 2 two speeds 1 2 two speeds 1 2 
1st inflection 3.94 3.82 3.97 0 0.72 1.49 3.70 3.76 3.60 0 0.34 2.22 
1st plateau 4.65 - -  - -  0.95 - -  - -  4.44 - -  - -  0.89 - -  - -  
2nd inflection 5.85 - -  - -  2.16 - -  - -  5.50 - -  - -  2.49 - -  - -  
2nd plateau 6.25 - -  - -  2.71 - -  - -  6.10 - -  - -  2.66 - -  - -  
3rd inflection 7.44 6.78 6.70 2.92 2.90 2.80 7.30 7.85 6.67 2.87 3.04 2.91 
3rd plateau . . . . . . . . . . . .  
4th inflection - -  9.60 9.72 - -  3.81 3.90 - -  10.22 10.35 - -  4.29 3.74 
Standard Error ___0.08 - -  - -  ___0.03 - -  - -  ___0.05 - -  - -  _+0.02 - -  - -  
Note: Subscripts a and b refer to the acid and base titrations, respectively. 
The acid titration curves (Figure 1) showed hyster- 
esis when related to the base titration curves, more so 
at the titration speed 0.3 pH units/hr than at 3 pH units/ 
hr (Table 2), presumably because the titration with 
NaOH at the slower speed caused larger and more crys- 
talline nuclei of A1203' nH20 to form which reacted 
more slowly during the reverse acid titrations. The sec- 
ond inflection in the base titration did not occur in the 
acid titration curve, and the first and third inflections 
occurred at slightly lower pH values (Figure 1 and Ta- 
ble 2). The amount of acid added between these inflec- 
tions was less than expected from the total A13§ in so- 
lution initially, more so at the slower titration speed. 
The inflection at about pH 4 was less pronounced than 
in the base titration curve and at the end of  the acid 
titration (i.e., pH 2), the solution was still slightly tur- 
bid. This suggests that the precipitate formed during the 
base titration had aged considerably, resisting subse- 
quent dissolution during acid titration, and more so at 
the slower titration speed (see above). 
In the acid titration curve, another inflection oc- 
curred between pH 9.5 and 10.5 when the ratio OH/AI 
was <4 (Figure 1 and Table 2); this did not appear in 
the base titration curves. This inflection is caused by 
the reaction of the aluminate ions, AIO2-, with H § to 
form A1203" nH20. The theoretical OH/AI ratio of 4 was 
not reached because, at the end of the base titration (pH 
11), all the A1 had not been converted to the AIO2- form, 
and the solution was still turbid. 
Titration curves of Al-saturated minerals 
The base titration curves of acidified suspensions of 
Al-saturated minerals showed, in general, two inflec- 
tions separated by a plateau, except in montmoril lonite 
which had three inflections and two plateaus resem- 
bling those of  the concentrated A1 solutions (Figure 2 
and Table 3). The pH values at which inflections and 
plateaus occurred were the same, or only slightly dif- 
ferent, using titration speeds of 3 and 0.3 pH units/hr. 
The inflections and plateaus can be attributed to the 
same causes as with the base titration curves of AI so- 
lutions (see previous section). The titration includes 
Table 3. Characteristics of the base titration curve of acidified Al-saturated minerals in 10 -3 M NaNO,. 
meq OF1- 
Ist tst 2nd 2rid 3rd consumed 
inflection plateau inflection plateau inflection per I0O0 g of 
pH pH pH pH pH mineral 
~Fast 3.75 4.37 - -  - -  7.30 79 
Kaolin A I Slow 3.90 4.60 - -  - -  7.00 88 
`[ Fast 3.95 4.50 - -  - -  7.25 40 
Kaolin B [Slow 3.95 4.55 - -  - -  7.15 47 
`[ Fast 3.50 4.17 4.75 5.75 7.60 739 
Montmorillonite [Slow 3.50 4.17 4.70 5.70 7.25 728 
[Fast 3.37 4.50 - -  - -  6.00 393 
Mica [Slow 3.37 4.50 - -  - -  6.00 400 
Fast 3.87 4.30 - -  - -  6.50 240 
Illite [Slow 3.87 4.37 - -  - -  6.50 242 
`[Fast 4.10 4.60 - -  - -  6.13 42 
Biotite [Slow 5.45 6.60 - -  - -  7.31 36 
Fast = 3 pH units/hr; Slow = 0.3 pH units/hr. 
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Figure 2. Base ( ) and acid titration curves (- - -) in 10 -3 
M NaNOa of acidified AI saturated montmorillonite, mica, il- 
lite, biotite, kaolin A, and kaolin B. Titration speed is 0.3 pH 
units/hr, except for biotite at 3 pH units/hr. Initial and final pH 
values are indicated on the curves; horizontal rrows mark the 
inflection points. 
adsorbed AI ions and the free A1 in the entrained so- 
lution, estimated from the 'control.' The OH-  used by 
the adsorbed A1 ions was calculated by difference (Ta- 
ble 3). 
The OH-  used in titrating the adsorbed AI (Table 3) 
was almost equal to the CEC of most minerals (Table 
1). The slight excess for kaolin, illite, and biotite is ac- 
counted for by the pH-dependent egative charge de- 
veloped from pH 6 onwards. For mica, the OH-  used 
was more than twice its CEC, presumably because of 
the dissolution of AI from the mineral matrix in the pre- 
vious treatment with 0.1 M HNO3 to pH 2 creating new 
interlayer surfaces, and subsequent base-titration of 
this A1 (see also Cabrera and Talibudeen, i978). This 
phenomenon may be the initial step in the formation of 
chloritized micas in soils (de Villiers and Jackson, 
1967a, 1967b). 
The first inflection in the base titration curves of the 
Al-saturated mineral suspensions (Figure 2) is less pro- 
nounced and occurs at lower pH values than in those 
for Al(NO3)3 solutions of similar A1 concentration, ex- 
cept in biotite (cf. Tables 2 and 3). It would seem from 
this that adsorbed A1 is more acidic than A1 in solution, 
the opposite to what is expected because the activity 
of adsorbed AI ions is less than in free solution (Low, 
1955). However, in the pretreatment with acid to bring 
the suspension to pH 2, the ratio of sorbed H30 § to 
sorbed A1 a§ ions is about 10:1, so it is more likely that 
the first inflection represents the pH at which mostly 
the sorbed H30 § is titrated. If so, the inflections cor- 
responding to the titration of sorbed H30 § and A13§ ions 
will be fully distinguishable only if the ratio of the equi- 
librium constants for the two reactions is > 104 (Vogel, 
1961) and measurable concentrations of both ionic 
species are present. Schwertmann and Jackson (1963, 
1964) found that the first inflection shifts to higher pH 
values with increasing time of ageing of H-bentonite 
and H-vermiculite suspensions (i.e., with progressive 
changes from H-clay ~ H-Al-clay ~ Al-clay). 
The plateaus in the base titration curves of Al-satu- 
rated minerals are less pronounced than those of the 
corresponding curves for A1 in solution. In the latter, 
the existence of hydroxy AI polymers can be detected 
only by the shape of the curve (i.e., second inflection 
and plateau) above a limiting concentration of A1. Rich 
(1970) observed that the second inflection and plateau 
of the base titration curves of Al in solution disappeared 
when K-montmorillonite was added to the system. 
Therefore, little can be said, in a quantitative sense, 
about the nature of adsorbed AI ions from such poten- 
tiometric titration. However, the observation of the 
more complex buffering of adsorbed A1 than of Ai in 
solution points to its resistance to reaction with added 
OH- ions because of the strong binding of AI a§ and to 
the existence of hydroxy-polymeric AI (Cabrera and 
Talibudeen, 1978) on mineral surfaces, which there- 
fore titrate at higher pH values. 
The acid titration curves of the adsorbed AI (as with 
AI in solution) show hysteresis relative to the base ti- 
tration curves and an extra inflection at pH 9-10. 
Changing the titration speed alters the curves only 
slightly, unlike the titration of AI in solution. The first 
and second inflections are difficult to distinguish from 
each other and the third inflection is observed at pH 
6-7. However, no precise interpretation can be given 
for these inflections from this work. 
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Pe31oMe---ARHJIHpOBaHHble cycneH3Hn HaCbllReHHblX AI KaOflHHHTa, MOHTMOpBflflOHHTa, C2110~bl, ILrl.rlHTa, 
H 6UOTHTa, a 10 -a M NaNO3 6bI~n noc~e~oaaTe~bno nOTeaII)lOMeTpHqeClOl THTpoBaHbl C 0,1 N NaOH u 
0,1 N HNO3 a aaoTnofi aTMocqbepe, CaO60~uOfi OT CO~. Peay~bTapymmne Kpaable cpaanana~ach 
c KpHBbIMH ~lan pacTuopoa Al(N03)3 c TaKOfl xe  rontleHTpauaeil AI KaK B OTCTOanmeMca pacTaope n
KoppeKTltpoaa21HCb 3a AI a 3axBaqeHHOM pacTaope c raaue. 
OcHOaabIe THTphl HOHOB AI, aacornponaHnb~e BCeMH Mnnepa2mMa, a ncKamqeuHeM OHTMOpI~LPIO- 
nnTa, noKa3binadIH ~aa neperHra pH, paaaeaenabIe 6yqbepnb~M ~IHana3oaou. LITo racaeTca MOHTMO- 
p~l~OHilTa, TO aJlecb 0hlAtl TpItl aepernra, nO~lOrnbIX neperHraM ~s  AI B paCTBOpe. I]epabte 
nepern6h~ a TnTpe cycneuaafi no f la~cb npa nnaKax 3uaqeuaax pH a 6bI~n Menee Bhlpa>KenbI, qeu 
nepern6b~ laa AI a pacTaope. Oua npe~cTaa21nlOT THTpb! H30 +, copraponaunoro a Teqenne npeaBa- 
puTe~baofi o6pafoTgH. Byqbepuoe ~eficTane aj1cop6upoaanub]x norton AI TaK~e caa6ee no cpaanenl4m 
c AI a pacTaope. 
OH-, acnoabaymutaficn a41cop6HpoaaHnblMU HOHaMH AI Me~y nepablM It nocne~InaM nepera6aMn, 
6hIA paaeH HAM HeCKOJIbKO BbUlle KaTHOHHOH O6MeHHOfi CHOCOrHOCTH MnHepaJlOB, 3a RCK2UOqeHHeM 
C~O~b[, r~le OH 6o~ee qeM a ~Ba paaa npesblma~ ero KaTHOHHylO O6MeHHyK) CHOCOrFIOCTh, HOTOMy tlTO 
ofpaaona~ncb hobble Me>Kc~ofi~lble noaepxHocTn so 8peMs npeBBapnTeabnofi KMCJIOTHOfi ofparpTKn. 
Kpnabie KHC21OTHOFO THTpOBaHHg HOHOB AI a agcoprnpoaaHHOM n pacTaopennoM COCTOaHHaX noKaabma-au 
rHcTepe3uc, KOrJla OTHOCHJIHCb K KpHBblM OCHOBHOFO T1~TpOBaHHR. l,tcnoJ1b3oBaHtle ~layx CKOpOCTefi 
THTpOBaHH~I (3 H 0,3 pH e~anuWq TO2IbKO neauaqttTeabuo B 3~e~ICTByeT Ha Kpnable TUTpoaanna 
Ml4nepa~oB, nOKa3blaa,q, TO aarmo~aamHecn ~(~q~eKTbl He6bl~H Bbl3BaHbl OTCyTCTBHeM paanoaecna 
c ~loraBJ1enUb~Mtl OCHOBaHHeM H~IH KHC2IOTOH. 
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Resiimee---Angesiiuerte Suspensionen yon mit AI gesiittigten Kaolinit, Montmorillonit, Glimmer, Illit, 
und Biotit in 10 -3 M NaNOa wurden nacheinander mit 0,1 N NaOH und 0,1 N HNOa in einer 
Kohlendioxyd freien Atmosphiire potentiometrisch titriert. Die resultierenden Titrationskurven 
wurden mit denen fiir AI(NO3)a Lfsungen mit iihnlichen AI-Konzentrationen i der iiberstehenden 
Fliil3igkeit verglichen und korrigiert fiir AI in den eingeladenen L6sungen im Ton. Als Al-Ionen, 
adsorbiert auf allen Mineralien mit Ausnahme yon Montmorillonit, mit Basen titriert wurden, 
zeigten sich zwei pH-Inflektionen, welche durch ein Pufferbereich getrennt waren. Mit Montmorillonit 
gab es drei pH-Inflektionen, die denen yon A l in  L6sung gleichen. Die ersten Inflektionen in der 
Titrationen yon Suspensionen findet bei niedrigen pH Werten statt und sind weniger ausgepriigt als 
fiir AI in L6sung. Diese repriisentieren die Titration yon H30 +, welches wiihrend der Vorbehandlung 
adsorbiert wurde. Adsorbierte Al-Ionen puffern weniger als AI in Lfsung. Das OH-, welches yon 
den adsorbierten AMonen zwischen den ersten und letzten Inflektionen verbraucht werden, entsprach 
oder war etwas h6her als das CEC der Mineralien mit Ausnahme des Glimmer, fiir den es mehr 
als zweimal seines CEC war, weil neue Zwischenschichtfliichen wiihrend der siiurevorbehandlung 
geformt worden. Siiuretitrationskurven yon Al-Ionen im adsorbierten und L6sungszustand zeigte 
Hysteresis, wenn man sie auf die Alkalititrationskurven bezieht. Die Benutzung yon zwei Titrations- 
geschwindigkeiten (3 und 0,3 pH Einheiten/h) hatten nur wenig Einflul3 auf die Titrationskurven, was 
andeutet, dab die beobachteten Effekte nicht durch Mangel eines Gleichgewichts mit zugefiigter 
Base oder S~iure verursacht wurden. 
R6sum6-----Des suspensions acidifi6es dans 10 -a M NaNO3 de kaolinite, de montmorillonite, de mica, 
d'iUite, et de biotite satur6s d'Al ont 6t6 potentiom6triquement titr6es avec 0.1 N NaOH et 0.1 N HNO3 en 
succession, dans une atmosphere nitrog6n6e sans CO2. Les courbes r6sultantes ont 6t6 compar6es h celles 
de solutions d'Al(NOa)a de concentration AI semblable dans la solution surnageante etcorrig6es pour AI 
dans la solution entrain6e dans l'argile. Des titrages basiques des ions AI adsorb& sur tousles min6raux 
sauf la montmorillonite, ont montr6 2 inflexions de pH s6par6s par une r6gion tampon. Pour la 
montmorillonite, il y avait 3 inflexions de pH semblables h celles pour I'A1 en solution. Les premi&es 
inflexions dans les titrages des suspensions ont survenu h de plus bas pH et 6taient moins prononqes que 
dans le cas de I'AI en solution. Celles-ci repr&entent le titrage de H30 § sorb6 pendant le pr6traitement. 
L'effet de tampon produit par les ions d'Al adsorb6 est aussi moins 61ev6 que celui d'Al en solution. 
L 'OH- utilis6 entre les premi&es et derni~res inflexions par les ions d'Al adsorb& 6tait 6gal ~ ou un peu 
plus 61ev6 que la capacit6 d'6change de cations (CEC) des min6raux, sauf dans le cas du mica, oil il 6tait 
plus de deux lois plus 61eV6 que son CEC parceque de nouvelles urfaces interfeuillet ont 6t6 form6es 
pendant le pr6traitement acide. Les courbes de titrage acide des ions AI dans les 6tats adsorb6s et en 
solution ont montr6 une hyst6r6sis lorsque mis en relation avec les courbes de titrage basique. L'emploi de 
deux vitesses de titrage (3 et 0.3 pH unit6s/h) n'a affect6 que tr/~s peu les courbes de titrage des min6raux 
sugg6rant que les effets observ6s n'6taient pas causes par un manque d'~quitibre dfi ~/'addition de base ou 
d'acide. 
